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Because of the strong magnetic-conductive correlation in manganites, 1 magnetic field is expected to have an important impact on manganite-based junctions. Due to the presence of an interfacial layer that is insensitive to external field, 2 however, the influence of magnetic field on the currentvoltage characteristics, when they are dominated by thermionic emission, is rather weak, 3, 4 though tunneling or leakage current enhances considerably. 2 Moreover, in addition to the magnetic-conductive coupling, the order-disorder transition of the spin, orbital, and charge degrees of freedom of the manganites has also been severely depressed in manganite junctions. To incorporate the distinctive features of the manganite into corresponding devices, an approach that can depress the unexpected interface effect has to be explored. Recently, Yamada et al. 5 found that the interfacial ferromagnetism of the La 0.6 Sr 0.4 MnO 3 film can be significantly enhanced by a neighboring LaMnO 3 layer. This suggests a possibility to modify interfacial properties of the junction by introducing a proper buffer layer. In this letter, we report a comprehensive study on the effect of magnetic field on the La 0.67 Ca 0.33 MnO 3 / LaMnO 3 / SrTiO 3 : 0.05 wt %Nb ͑LCMO/ LMO/STON͒ junctions. The magnetic field effect is greatly modified by buffer layer. In addition to an enhanced magnetic response of rectifying behavior, a field-induced growth in junction resistance, which is an effect completely different from that observed in the junctions without a buffer layer, is observed. This effect is further found to vary systematically with the LMO layer, and the strongest effect occurs at the layer thickness of ϳ4 nm.
The LCMO/LMO/STON junction was fabricated by growing, via pulsed laser ablation, first a LMO layer with a thickness between 0 and 12 nm then a LCMO film of ϳ150 nm on ͑100͒ STON substrate. The substrate temperature was kept at 700°C and the oxygen pressure at ϳ10 Pa ͑for the LMO film͒ or ϳ80 Pa ͑for the LCMO film͒ during the preparation. The film thickness was controlled by deposition time. For sample characterization, LMO and LCMO films with the thickness of the corresponding layers in LCMO/LMO/STON were also prepared on SrTiO 3 substrates. The out-of-plane lattice constant of the LMO film is ϳ0.399 nm, as evidence by x-ray diffraction.
The atomic force microscope analysis shows that the buffer layer is quite smooth with a terrace-structured surface. The root-mean-square roughness is, for example, for the LMO layer of 8 nm, ϳ0.3 nm, and the peak-to-valley fluctuation is below ϳ0.5 nm. It guarantees the high crystal quality of the top LCMO film. The LCMO film grown on SrTiO 3 shows a metal-to-insulator transition at T C Ϸ 245 K. Magnetic field depresses the resistivity of the film, and a field of 5 T produces a negative magnetoresistance ͑MR͒ of ϳ90% around T C . In contrast, the LMO films are semiconductive down to ϳ150 K, below which the resistance exceeds the scope of our devices. These behaviors are similar to those of bulk LCMO or LMO, respectively. 1 The current ͑J͒-voltage ͑V͒ curves were measured, using a two-probe configuration. Two Cu pads of the size of 1 ϫ 1 mm 2 were deposited, also using laser ablation, respectively, on LCMO and STON as electrodes. The resistance is ϳ100 ⍀ for the Cu-LCMO contact and ϳ10 ⍀ for the Cu-STON contact. Electric bias directing from LCMO to STON is defined as positive. At a first glance, the LMO layer does not affect the junction, and excellent rectifying behavior persists in LCMO/LMO/STON. The rectifying ratio is 3.8ϫ 10 4 for, for example, t = 6 nm, obtained at the bias voltage of ͉V͉ = 0.5 V and the temperature of 350 K. The semilogarithmic J-V curves of LCMO/ LMO͑t͒ / STON for t =1, 4, and 6 nm are presented in Figs. 1͑a͒-1͑c͒. A linear relation between logJ and V, log J ϰ eV / nk B T, is observed when the LMO layer is below 6 nm, where e is the electron charge, k B the Boltzmann constant, and n the ideality factor. This result reveals the good description of the Shockley equation for the electronic process in the junctions. Unlike the ones forquality of the junctions and the thermionic emission characters of the transport process.
As expected, the junction with an ultrathin buffer layer is insensitive to magnetic field, and changes in the J-V relations are very small even for a field change of 0-5 T ͓Fig. 1͑a͔͒. The strongest effect appears in the junctions of t = 4 nm, shown by an obvious downward shift of the logJ-V curve upon the application of magnetic field ͓Fig. 1͑b͔͒. However, a LMO layer exceeding 6 nm depresses the magnetic field effect again ͓Fig. 1͑c͔͒. In contrast, the J-V characteristics of LMO/STON are dominated by leakage current, without visible response to magnetic field. Figure 2 illustrates the MR, defined as J͑0͒/J͑5T͒Ϫ1, as a function of positive bias for selected junctions t = 4 and 6 nm. For the first junction, the MR is ϳ91% at T =50 K, and nearly linearly decreases to ϳ30% as temperature approaches 350 K. It is interesting that the MR effect remains significant even at the temperatures much greater than T c ͓top inset in Fig. 2͑a͔͒ . The MR displays a monotonic increase with applied field at a fixed temperature, and there is no tendency to saturation up to 5 T ͓bottom inset in Fig.  2͑a͔͒ . Effects of electric biases on MR are quite weak, and only a slight decrease in MR as V grows occurs. The MR of the second junction is relatively low, and the maximal MR is only ϳ27%. The most remarkable feature for this junction is the two-step MR-V behavior. The MR undergoes a sharp drop at a critical voltage, suggesting the different magnetic responses of the two processes. Figure 3͑a͒ is a summary of the MR effect in different junctions. The MR is low when t is small, grows monotonically as layer thickness increases from 1 to 3 nm, decreases when t exceeds 4 nm, and vanishes above ϳ7 nm.
Positive MR also occurs under negative biases. It is small in both the high and low bias ranges, and gets a maximum of ϳ150% around Ϫ3 V. These behaviors are similar to those observed in CaMnO 3 / STON, 6 and could be ascribed to the depression of impact ionization by magnetic field. 7 In the following we will focus on the MR under forward biases. In general, the MR of the manganite junctions is negative, and usually appears in heavily hole/electron-doped junctions, for which tunneling current determines the J-V characteristics. In this case, magnetic field can produce a reduction in depletion width of the junction, as demonstrated by the increase in capacitance. 3 Different from the tunneling process, thermal process is insensitive to magnetic field, and the MR is quite low as observed in simple manganite junctions. 3, 4 The mechanism for the positive MR under positive biases, which is a combined effect of the LCMO/LMO and LMO/STON interfaces, may be completely different from those known at present. To get a deep understand of this phenomenon, it would be instructive to check the variation in the interfacial potential ͑⌽ B ͒ in magnetic field. To first approximation, LCMO/STON can be treated as a Schottky junction. In the presence of a LMO layer, according to Suzuki et al., 8 ͑1−1/ n͒V is dropped across the insulating layer and V / n is applied to the depletion layer. This means the similarity of the J-V curves of LCMO/LMO/STON and LCMO/STON after describing the effect of the LMO layer by ideality factor, that is, J ϰ T 2 exp͑⌽ B / k B T͓͒exp͑eV / nk B T͒ −1͔. 9 Based on this result, a direct calculation gives J͑0͒ −J͑H͒ ϰ ͕exp͓−⌽ B ͑0͒ / k B T͔ − exp͓−⌽ B ͑H͒ / k B T͔͖exp͑eV/ k B T͒ and MRϷ exp͓͕⌽ B ͑H͒ − ͓⌽ B ͑0͔͒ / k B T͖͔ − 1. The former indicates a linear relation between log͑⌬J͒ and V, and the latter suggests a bias independence of the MR. These features can be clearly seen in the LCMO/LMO/STON junctions ͓Figs. 2 and 3͑b͔͒. Based on these equations, the field-induced interfacial barrier change can be derived. Take the sample of t = 6 nm at 230 K as an example. ⌬⌽ B is ϳ3.1 meV for the low bias process and ϳ2 meV for the high bias one, as magnetic field grows from 0 to 5 T. According to our previous letter, 10 a notch and a spike occur in the conduction-band edges at the interface in the junction of t = 6 nm, yielding two different processes in the high and the low bias ranges, respectively. It is interesting to note the different responses of the two processes to magnetic field. Similar analysis can be applied to other samples, and Fig. 3͑c͒ shows the ⌬⌽ B − t curve thus obtained for T = 230 K. With the decrease of temperature, ⌽ B shows a gradual decrease. The resemblance between ⌬⌽ B − t and MR− t reveals the close relation between the MR effect and interfacial potential growth, and it is the growth of the interfacial barrier that is responsible for the abnormal magnetic field effect in LCMO/LMO/ STON.
Information about the interface can also be obtained from the capacitance ͑C͒-voltage characteristics. Figure 3͑d͒ exemplifies the bias dependence of the capacitance of LCMO/LMO͑3 nm͒/STON, measured under a frequency of 200 kHz. As expected, an approximately linear relation 1 / C 2 -V is detected when ͉V͉ is not large. This is a typical behavior of a Schottky junction, and the diffusion potential ͑V d ͒ can be obtained by extrapolating 1 / C 2 to zero. It shows that the field-induced change in diffusion potential varies between ϳ0.01 and 0.02 eV in the temperature range from 230 to 350 K ͑⌽ B Ϸ V d + k B T / e͒. Although it is somewhat larger than that obtained from the J-V analyses, it confirms the increase in interfacial potential in magnetic field. It is obvious that an accurate analysis of the C-V characteristics should take into account the effect of the LMO layer. In this case, the voltage drop will be approximated by V / n, on the depletion layer, and ͑1−1/ n͒V, on the LMO layer. Correspondingly, the diffusion potential is determined by the 1 / n 2 C 2 -V / n relation. 8 Because of the small deviation of the ideality factor from unity at high temperatures, the ⌬⌽ B values thus obtained are essentially the same as those given above. As a supplement, we would like to point out that the capacitance decreases in magnetic field. This phenomenon is different from that observed in La 0.7 Sr 0.3 MnO 3 / STON in which a negative MR occurred. 3 We noted that an improved interface ferromagnetic ordering, due to the proximity effect has been observed in LSMO/LMO/STO. As shown by Yamada et al., 5 a LMO layer a few unit-cell in thickness has significantly enhanced the magnetic response of the interface layer. We also noticed a report on the variation in Fermi level accompanying a paramagnetic-ferromagnetic transition in LCMO, 11 presumably due to the band gap collapse as the FM order establishes. With these in mind, we propose that the MR observed here is due to the LMO/STON interface. Here the LMO layer behaves just like a deadlayer in the hole-doped manganite. 12 It could experience a change in magnetic order under magnetic field, which is possible considering the fact that the LMO layer may be effectively doped by LCMO due to proximity effect. This would in turn cause a reduction in Fermi level of the LMO layer, thus a growth in the interfacial barrier of LCMO/LMO/STON. Noting that the transport behavior of the junctions is mainly determined by the LMO/STON interface, it explains why the junction has MR effect but no clear ferromagnetic transition. As the thickness of the LMO layer increases, the effective doping is reduced since the proximity effect is limited to the LCMO/LMO interface, and therefore the MR effect disappears.
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